The sudden cessation or sudden decrease in velocity of the protoplasmic streaming of Nitdla flexilis is observed whenever an action potential is elicited. The action potential can be generated by an electric stimulus after its refractory period, whether the flow is at a complete standstill or on the way to recovery. The membrane potential is generally decreased more or less when the rate of flow is decreased on application of salts or other agents. There is, however, no parallelism between these two. The membrane potential decreases proportionally with applied voltage of subthreshold intensity, while the rate of flow does not change appreciably. 0nly on application of a superthreshold voltage does the flow stop suddenly. In one case the rate of flow decreased to half without appreciable decrease in membrane potential. In another case it continued flowing at about one-half rate, although the membrane potential was almost zero. The Q10 of the rate of flow is about 2, while it is 1.1 to 1.5 for the membrane potential.
of the endoplasm between these two: in Nitella the endoplasm is flowing normally, while in muscle cells, etc. (e.g., Ewart, 1902) it is at rest.
In this paper the physical aspects of the sudden cessation of the protoplasmic streaming of Nitella will be reported in some detail.
Material
The intemodal cells of Nitdla flexilis were used throughout the experiments. The plants are rooted in a 2 cm. layer of sand at the bottom of a glass vessel, which is stocked with small snails and killifishes.
According to a flame photometer identification the tap water in which Nitdla cells were grown contains 2.5.10 -5 M K, 1.78.10-4 • Na, 5.85.10-* M Ca, and 1.28.10-4 M Mg, etc. Its pH is about 6.6.
The mature intemodal cells are generally 3 to 7 an. long and 0.4 to 0.5 ram. in diameter. A large part of the cell volume is occupied by a vacuole which is surrounded by a thin layer of protoplasm about 10 microns thick and by a cellulose cell wall less than 2 microns thick. Numerous chloroplasts are imbedded normally in the stationary plasmagel layer next to the cell wall.
Many inclusions in the liquid layer (plasmasol) such as nuclei (5 to 7 microns), plastids of different sizes, stray chloroplasts (3 to 5 microns), and other particles of less than 1 micron are observed to move with the plasmasol. The velocities of these inclusions are almost equal in normal vigorous streaming. However, the velocity of larger particles is comparatively irregular especially in the recovery of streaming after sudden cessation evoked by stimulation. Accordingly, in the following experiments the velocity of particles of less than 1 micron in diameter was measured as an indication of the velocity of the endoplasmic streaming.
Apparatus
Vessels used in our experiments are shown in Fig. 1 . These vessels are made of glass or polystyrene. At the partitions Nitella was sealed with white vaseline. The electric stimuli were given to the ceils directly through platinized platinum electrodes or through agar salt bridges containing 0.001 M KC1.
The electric potential difference between B and C ( Fig. 1 a) was amplified, through two calomel electrodes, by a direct current amplifier (1U4 as a preamplifier valve) and was recorded with an electronic recorder (Shimazu photoelectric recorder, type EL-l). On excitation, e.g. at B, the potential change measured in this way (externally) shows generally a temporal pattern similar to the action potential at B. Therefore, measurements of the action potential simultaneous with measurements of the rate of protoplasmic streaming were done with this procedure. But the value of resting potential cannot be determined in this. Exact values of resting potential and action potential were measured directly by using an apparatus shown in Fig. 1 c on another internode. A glass microelectrode (Ag-AgCI type, filled with 3 ,~ KCI tip diameter 2 to 10 ~) was inserted into the central vacuole and the potential difference against the earthed calomel half-cell which was connected to the solution bathing the Nitella cell by a 10 --~ ~r KCl-agar bridge was recorded with a D.c. amplifier and an electronic recorder mentioned above. The latter method, however, was not used in the measurement of the rate of protoplasmic streaming because gelation of the endoplasm about the region, into which the microelectrode was inserted, disturbed the rate more or less. The stability of this recording system was adequate, showing a zero point drift of less than 2 my. in 3 hours. The velocity of indication of the recorder is one-eighth second per full scale (20 an.). However, as a single spike of N//d/a is generaUy of 5 to 30 seconds' duration, this recorder is adequate for our present purpose. (a) was used generally for recording the electric potential between two parts of Nitella and for measuring the velocity of the protoplasmic streaming. (b) was used for the experiment on osmosis. (c) was used for the measurements of the membrane potential, its change, and the density of electric current on stimulation. The microelectrode in (c) was Ag-AgCI type filled with 3 M KCI. Tip diameter was 2 to 5 microns.
Moreover, it is suitable for writing in on the running chart the velocity of the protoplasmic streaming during the time course of the potential change.
As the velocity of the protoplasmic streaming of Nitdla increased with temperature, i.e. (]10 ffi 1.5 to 2.0 (N~geli, 1850; Hofmeister, 1867; Ewart, 1898; H6rmann, 1898; Lambers, 1926; Harvey, 1942) , some care was taken to minimize the rise in temperature. A standard low voltage light source of mild intensity with a heat filter was used for microscopic measurement.
Stimuli were given electrically. The intensity was 500 my. and the duration was generally one-fourth second, if not otherwise noted.
The external solution was usually tap water in which the Nitella cells had been growing.
RESULTS
The Correlation between tke Protoplasmic Streaming and tke Action Potential.-Whenever an action potential is elicited, sudden cessation of the protoplasmic streaming is observed. The sudden cessation occurs, as a rule, near the peak of the action potential (Auger, 1931 (Auger, ,1933 (Auger, , 1939 Franck and Auger, 1932; Umrath, 1933; Hill, 1941; Harvey, 1942; Shibaoka and Oda, 1956) . If a subthreshold stimulus is given, no action potential and no change in rate of flow were observed. Therefore, the ail-or-none law is generally realized for the occurrence of the action potential and for the cessation of the protoplasmic streaming (Shibaoka and Oda, 1956) .
In some cases, however, Nitella apparently did not obey the all-or-none law (Fig. 2 a) . This was observed by Hill and Osterhout (1938) on Nitella flexilis, and by Umrath (1953) on young NiteUa opaca. Osterhout and Hill attribute such a partial loss of potential to the presence of potentials at both the inner surface (tonoplast) and the outer surface (the plasmalemma) of the protoplasm (see Osterhout (1954) for the detailed discussion). When the height of the action potential is not large enough, the flowing endoplasm does not stop, but only a temporary decrease in velocity is observed. The time when the velocity of the streaming reaches its minimum is a few seconds later than the peak of the action potential. The degree of the velocity decrement is greater, the greater the height of the action potential or the strength of the stimulus (Fig. 2 b) .
The recovery time course of the protoplasmic streaming takes more time (5 to 20 minutes) than that of the action potential (5 to 30 seconds) (Fig. 3) . Action potentials can be generated each time after a refractory period as described by Hill (1941) , whether the protoplasmic streaming is in recovery or at a standstill. If two or three action potentials occur successively, the duration of the standstill is prolonged to some extent (Fig. 3) .
A series of negative variations of membrane potential of Nitdla is said to be produced by applying KC1, chloroform, or ethyl alcohol, etc., to one part of the cell (Osterhout and Hill, 1930; Hill and Osterhout, 1936) . In some seasons Nitella is so sensitive that it gives an action potential if the desk on which the measuring vessel is laid, is tapped lightly. If we use such a sensitive cell, successive action potentials are often produced without applying any special agents in the external solution (Fig. 4) ; the reason for this is not yet certain. Upward spikes in Fig. 4 correspond to the excitation of the cell at B, while downward spikes correspond to the excitation at C (Fig. 1 a) .
It is worth while to note that protoplasmic streaming may be at a standstill for 5 to 10 minutes at one part of a NiteUa cell (i.e., at B), while at A and/or at C the protoplasm can continue to flow without marked decrease in velocity. • i ~ ~oo~ (Actually, an action potential occurred at B, but it did not propagate to. A or to C because of the high resistance of sealing at the partition between B and A, or B and C.) The behavior of the protoplasm at the partition could" be observed fairly clearly when we used an etiolated white intemodal cell which had been buried in the sand; the protoplasm lost its velocity gradually as it went near the partition. The layer of the protoplasm was thicker (i.e., accumulation) at one side of the partition and thinner at the other side. The fact that such a situation lasted for about 10 minutes is not strange, if we recall that the velocity of the protoplasmic streaming of Nite//a is very low (i.e., about 50/~/sec.). The protoplasm can travel only 3 cm. in 10 minutes.
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.~ J'5o Fro. 5. The time course of the recovery of the protoplasmic streaming after a sudden cessation is ~|most the same in each experiment on the same internodal cell, if enough time (i.e., 30 to 60 minutes) is allowed before the next stimulus is given. Temperature, 19.5°C. October 31, 1957. Within 10 minutes the protoplasm which has been at a standstill starts to move. It is observed that for a while in the recovery process thicker and thinner layers of endoplasm pass successively across the microscopic field. Therefore, bre~klng off or formation of a local circuit of the flowing endoplasm could never be observed.
Effects of Some Agents on the Protoplasmic Streaming.--The time course of
recovery of protoplasmic streaming after sudden cessation differs more or less among different individuals. However, these time courses are almost the same, when the experiment is made on one cell and if the recovery is complete before the next stimulus is given (Fig. 5) . In our work 30 to 60 minutes elapsed as a rule before the next experiment was performed. In Figs. 5, 6, and 7, successive time courses of the recovery process are superposed for comparison. There are many articles in the literature on the effect of several agents on the rate of protoplasmic streaming of Nitdla (see review by Ewart, 1902) . In the following paragraphs we introduce reinvestigation of some of these and add some new results.
10 -2 M KCI (dissolved in water purified with ion exchange resins) generally decreased the velocity of the protoplasmic streaming to 50 to 70 per cent within 1 hour. In Fig. 6 the recovery processes of the protoplasmic streaming in tap water and in 10 --~ ~r KC1 are compared. The resting potential generally decreased to less than 20 my. This value was measured directly with an inserted microelectrode (Fig. 1 c) . Osterhout (1930 Osterhout ( , 1939 2) on the rate of the protoplasmic streaming after sudden cessation. Temperature, 18.5°C. April 17, 1957. decreased the potential to such an extent that it was possible to reduce it to zero. Hence this was used as the reference point in many of his experiments.
In 10 minutes or more Nitella became inexcitable. Accordingly, it was necessary to stimulate the cell before the membrane potential decreased to about zero. The velocity of flow recovered to about 70 per cent of the original value. Soon after the second experiment external KC1 was replaced with tap water (i.e., the cell was washed with tap water three times). On application of a third electric stimulus about 1 hour later, the velocity of flow recovered, after a sudden cessation, almost completely to its original level, while its time course was still delayed to some extent. KCI solutions of less than 10 -~ M did not have any appreciable influence on the rate of flow or on the recovery process.
The membrane potential of NiteUa decreased by about 25 per cent in 10 -~ M NaC1, 10 per cent in 10 -s x¢ CaCI2, and 30 per cent in 10 .-2 -MgCh (dissolved in pure water). The decrease in membrane potential in NaCI and in MgCh has already been reported by Osterhout (1930) . These solutions, however, had no appreciable influence on the rate of flow or on the recovery process.
In the next experiments pH of the bathing solution was adjusted by adding small amounts of NaOH or HC1. In this way pH change alone between 4.9 and 8.4 did not influence appreciably the rate of flow or the recovery time course. The membrane potential was the largest around pH 6.6 (that of tap water) and was almost zero below pH 3.9 and above 9.2. 10 -4 x¢ PCMB (dissolved in tap water, pH 6.8) decreases the rate of the protopl~qmic streaming. This decrement is a progressive one, abolishing the streaming almost completely in 1 to 2 hours. However, if the PCMB solution is replaced with 10 "s --cysteine (dissolved in tap water, pH 6.7) in an early stage, some tendency to recover is observed. Temperature, 20°C. May 13, 1958. 10 °8 ~x ethylenediamluetetraacetic acid (EDTA; dissolved in pure water, adjusted to pH 6.8), which is known as a powerful chelating agent for Ca ++ or Mg ++, showed some tendency to prolong the recovery time course of flow after sudden cessation, while it did not decrease appreciably the final velocity after recovery. The membrane potential decreased to about a half of the original value. 100 4 ~ para-chloromercuribenzoate (PCMB; dissolved in tap water, adjusted to pH 6.8, total Na content lower than 1//500 5), a powerful sulfhydryl reagent, decreased remarkably the velocity of flow (Fig. 7) . The velocity decrement in PCMB was progressive, and the protoplasmic streaming was generally abolished in an hour. The membrane potential fell to one-third of the original value within 50 minutes. If the external PCMB was replaced with 10 ~ ~ cysteine (pH 6.7) in the early stage, a tendency to recover the flow rate was observed gen-erally, although the membrane potential in this solution decreased to less than 20 my. Tap water or other salt solutions were not effective in reducing the effect of PCMB. The tendency to recover in cysteine, however, was incomplete and only temporary. Flow was abolished completely in an hour.
2 per cent ethanol (dissolved in tap water) decreased the rate of flow to about 60 per cent of the original value. The membrane potential also decreased to about a half of the original value, which is in accord with Osterhout's early experiment (1931) . The rate of flow in 2 per cent ethanol did not decrease with time, in contrast to the effect of PCMB, but remained at 60 per cent of the original velocity for a few hours. The velocity of flow and the time course of recovery were restored completely after washing the Nitella cell several times with tap water.
Effect of Ckanges in Ionic Concentration of Cell Sap on eke Protoplasmic
Streaming.--When an intemodal cell of NiteUa is put between two chambers and the concentration of the external solution around one end is made osmotically higher with sucrose than that at the other end, water enters the cell at the water side, passes along inside the cell, and escapes at the sucrose side (i.e., transcellular osmosis, Osterhout, 1949 Osterhout, a, 1949 Osterhout, b, 1954 Kamiya and Tazawa, 1956; Kamiya and Kuroda, 1956 ). Carried by the water movement, ions and molecules become diluted at the water side and accumulate at the sucrose side in the cell. Increase in the resistance of the cell sap and of the protoplasmic membrane at the water side and decrease in these resistances at the sucrose side were actually found by an impedance measurement (Kishimoto, 1957) .
Practically, each of the two chambers (A and B) were subdivided into two compartments (al, a~; bl, b~) in order to compare the responses of the protoplasmic streaming to the electric stimulus at A with those at B (Fig. 1 b) . The velocity of flow was measured at the middle of a~ and bx.
If an electric stimulus was given between b~ and b2 (bx, cathodal), the protoplasmic streaming at bl was brought to a standstill, while at another part of the cell it was not influenced appreciably (Fig. 8, I ). When the external solutions at bx and b2 were replaced with 0.2 ~r sucrose, transceUular osmosis occurred. During this process ions and molecules accumulated at B and decreased at A. A steady state was attained generally in 10 to 15 minutes. The velocity of the protoplasmic streaming decreased to 50 to 70 per cent of the original value at B, while it decreased only slightly at A (Fig. 8, II) . Second stimuli were given simultaneously at a2 and at bl at this steady state (Fig. 8,  III) . The protoplasmic streaming at B where the osmotic concentration of the cell sap was calculated (for the method see Osterhout (1949 b) or Kishimoto (1957) ) to be about 0.39 molar in sucrose equivalent (original value was 0.26 molar) showed a sudden decrease in velocity, which generally recovered in 10 to 15 minutes to the level attained at the end of osmosis. On the other hand, the protoplasmic streaming at A where the osmotic concentration had decreased to 0.15 molar also showed a sudden decrease in velocity, which as a rule did not recover in 20 to 40 minutes. Only small particles of less than I micron in diameter were observed to flow very slowly in this state. On replacing 0.2 sucrose at B with tap water, the rate of flow at A and at B recovered almost completely in 15 to 20 minutes (Fig. 8, IV) . In this process a sudden decrease in velocity of flow at the beginning was observed generally at B without application of electric stimulus. By changing the concentration of sucrose, we can adjust the cell halves to different osmotic and ionic concentrations in the steady state of osmosis. The amount of the concentration change can be calculated easily, if we know the lengths of both cell halves which are subjected to sucrose and to tap water (Osterhout, 1949 b; Kishimoto, 1957) .
In Fig. 9 the velocity of the protoplasmic streaming and the magnitude of the velocity decrement on stimulation are plotted against different osmotic concentrations of the cell sap. The velocity of the flow was approximately constant for changes in osmotic concentration of the cell sap between 0.15 and 0.30 molar. Beyond these limits the rate of flow decreased considerably. There were also limits of osmotic concentration of the cell sap where sudden cessation of flow was observed (Le., 0.25 and 0.35 molar). Beyond these limits the protoplasm did not show a sudden cessation, but only a sudden decrease in velocity or no response at all. The membrane potential at A decreased by about 10 inv., while it decreased markedly (to less than 50 inv.) at B during osmosis which was brought about by 0.3 ~r sucrose solution.
The Correlation between the Protoplasra~ Streaming and the E2e~,Iric Current.--Already in 1898 H6rmann stated that when strong current was applied at make, the streaming stopped temporarily at the cathode and remained slower 60 8TIMDI~8
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.,, while the current was passing. On breaking the drcuit a temporary cessation took place at the anodal end only. Therefore, the ionic current which passes across the endoplasm during excitation at cathode may cause the sudden cessation of flow.
Reinvestigation of this in some detail is introduced here. In this experiment a vessel shown in Fig. 1 c was used. External solution was tap water. The magnitude of the electric current was measured as the potential drop across a constant resistor (50 k~). The specific resistance of the membrane of Nitell~ in tap water was about 150 k~ cm s. (see also Blinks, 1930 Blinks, , 1935 . 1/~a. corresponds to about 4.25 ~a./cm 2. in specific value. In this experiment R in Fig.  1 c was 50 megohms, which was large enough to maintain the electric current constant during the voltage application, even if the resistance of the mere-brahe decreased markedly in excitation (Blinks, 1930 (Blinks, , 1936 Cole and Curtis, 1938) . The threshold intensity of the electric current which was necessary to elicit an action potential was a few ~a./emL
The protoplasmic streaming was not affected appreciably at least within an hour by the passage of a subthreshold electric current of long duration. Only on application of a superthreshold current did the streaming stop at cathode at make, while the recovery process of the streaming was almost indifferent to the intensity of the superthreshold current, if it was of short duration (Fig. 10) . On the other hand, if a superthreshold current was applied in a single step, the more the start of recovery was delayed and the more the rate of flow decreased, the greater the intensity of the electric current (Fig. 10) . The protoplasmic streaming in such a case was not uniform spatially or temporally. That is, at one place the flow was rather rapid, but at another place it was less rapid. At one time the rate of flow was rather great, but another time it was very small. Such a situation continued for hours. Opening the circuit, however, the protoplasmic streaming soon recovered to normal. If the electric stimulus was very strong and of long duration, the endoplasm soon coagulated irreversibly and no Brownian movement of the protoplasmic particles could be observed.
DISCUSSION
There are many examples which seem to show a parallelism between the decrease of the membrane potential and of the rate of flow. The membrane potential generally decreases, more or less, when the rate of flow decreases. Quantitatively speaking, however, the amount of potential decrease does not occur in parallel with the decrease in the rate of flow. The membrane potential varies proportionally with the applied voltage of subthreshold intensity (depolarization or hyperpolar~ation), while the rate of flow does not change appreciably (Fig. 10) . Only on application of superthreshold voltage does the endoplasm show a sudden cessation. The rate of flow is affected markedly during passage of superthreshold electric current of long duration. In 10 -~ ~ KCI the membrane potential was almost zero, but the endoplasm continued to flow at about 70 per cent of the normal rate (Fig. 6) . In an unpublished experiment using 10 -s ~ 2,4-dinitrophenol (dissolved in 10 -s ~ tris buffer, pH 7.4) the rate of flow decreased to half the original value, while the membrane potential did not decrease appreciably. The Q10 of the rate of flow is generally 1.5 to 2.0 (Nggeli, 1860; Hofmeister, 1867; Ewart, 1898; HSrmann, 1898; Lambers, 1926; Harvey, 1942) , while it is 1.1 to 1.5 for the membrane potential. These results suggest that the maintenance of the membrane potential and of the normal flow are controlled by different mechanisms.
Into what state is the endoplasm thrown during sudden cessation? We could observe Brownian movement of the protoplasmic particles in the stopped endoplasm as already described by Umrath (1933) . From a quantitative measurement on this he claimed that the sudden cessation of flow was not caused by increased viscosity of the endoplasm. But his data also showed that the viscosity was several times greater near the stimulating microelectrode inserted into the Ni~lla cell than in distant regions. Moreover, it seems to be very difficult to determine the exact viscosity value of the flowing endoplasm by Brownian movement. On the contrary, according to a centrifuge microscope observation (unpublished), a much longer time (three to five times) was needed to centrifuge the stopped endoplasm than the flowing endoplasm. This confirms Osterhout's previous observation (1952) . The centrifuged endoplasm moved, in its recovery stage, much faster in the unstimulated cell than in the stimulated one. Therefore, some interlinkages might have been formed reversibly in the stimulated endoplasm. However, such interiinkages may not be strong as is shown by the Brown]an movement in the stopped endoplasm. On some occasions flowing endoplasm loses its velocity incompletely on stimulation (Fig. 2) . This may be due to the fact that the degree of the interlinkage formation has not been great enough or the interlinkages have not been formed uniformly throughout the wide region of Nitdla cell.
It is difficult to discuss further the mechanism of sudden cessation of flow without a detailed knowledge of the molecular basis of the flow and of the effects of ions on the conformation of proteins in the endoplasm. However, the authors' speculation on this is as follows. As described in former reports (Kishimoto, 1958 (Kishimoto, a, 1958 endoplasmic streaming is supposed to be brought about by the submicroscopic oscillation of the contractile protein networks in the endoplasm. Marsland and Brown (1936) , Seifriz (1943) , Loewy (1949 Loewy ( , 1950 Loewy ( , 1952 , Frey-Wyssling (1949 , 1553 , 1955 , and Goldacre and Lorch (1950) proposed similar ideas. Such a contractile protein is an actomyosin-like protein in the case of Pkysarum polycepkalum Nakajima, 1956) . Although this protein has not been identified as yet in Nitella it is likely to be an analogous substance. The submicroscopic rhythm can be maintained in a suitable ionic environment, if some metabolic energy is supplied. As described in the experiment on osmosis (Figs. 8 and 9 ) the rhythm is supposed to exist without being influenced appreciably by change in ionic concentration of the cell sap within certain limits. The same amount of electric current of superthreshold intensity has a great influence on the protoplasmic streaming at the cathodal end, while it has no appreciable influence at the anodal end. The difference is that depolarization occurs at the cathodal end, while hyperpolarization occurs at the anodal end. The depolarization of the membrane potential of Nitella causes a great increase in effiux (and/or influx) of several ions, while such a phenomenon does not occur on hyperpolarization. The detailed experiments on this will be reported in another paper. The dynamic increase of ion fluxes across the membrane and endoplasm on excitation may cause a disturbance of ionic balance in the endoplasm, abolishing the rhythm temporarily by modifying interlinkages (gelation) among contractile proteins (i.e., sudden cessation of streaming). If such a depolarized state continues for a long time, the conformation of the contractile proteins once disturbed may, perhaps, be reorganized more or less, restoring again the submicroscopic rhythm to some extent. The remarkable decrease in rate of flow in 10 --4 PCMB may also be attributed to its powerful influence on S--S.-~-S--H reactions among and in the contractile proteins of the endoplasm.
The assistance and encouragement of the other members of the laboratory of cell physiology, especially Professor N. Kamiya, are gratefully acknowledged. The kind help of Miss Yukiko Tajima in measuring the velocity of the protoplasmic streaming and in drawing figures is also acknowledged.
